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Abstract
Though screened at large distances, a point-like electric charge
can still participate in a long-range electromagnetic interaction in the
Higgs phase, namely that with the Aharonov-Bohm field produced
by a localized magnetic flux. We show that this follows from the
fact that the screening charge, induced in the presence of a Higgs
condensate, does not interact with the Aharonov-Bohm field. The
same phenomenon occurs, if a Chern-Simons term is incorporated in
the action. This observation provides a physical basis for the recently
proposed classification of the superselection sectors of this model in
terms of a quasi-Hopf algebra.
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The question whether charges in the Higgs phase can be measured through
Aharonov-Bohm (AB) scattering with magnetic fluxes [1], has received quite
some attention in recent literature. These discussions mostly focussed on
gedanken experiments involving closed shells or annuli of unbroken vacuum
surrounding the charge (see for instance Ref. [2]), and lead to the conclusion
that Coulomb fields need not be screened inside the volume V surrounded by
these shells (i.e. QV =
∫
V ∂iF
i0dDx 6= 0). The point we like to make in this
letter, is that even inside the broken phase these charges can be measured
by means of AB scattering with magnetic fluxes (and vice versa) due the
to a rather subtle effect, which depends on the specific details of the Higgs
mechanism. So, though the Coulomb interactions are completely screened in
the Higgs phase, i.e. Q = 0, the AB interactions are not. This effect is not a
common feature of any screening mechanism, but is specific for screening by
a Higgs condensate. For example, Debye screening by a real plasma, or the
(sometimes partial) screening related to vacuum polarisation as described by
the renormalization group (Gell-Mann-Low β-function), are not of this type.
They screen both Coulomb, and AB interactions. Even more peculiar is the
screening, related to the Chern-Simons (CS) term [3]. It leads to complete
screening of the Coulomb -, and partial screening (by a factor 1/2) of the AB
interaction (see for instance Ref. [4], and the text below).
The model in which we discuss these phenomena is the 2+1 dimensional
theory, governed by the Lagrangian
L = Led(µ) + LHiggs + Lmatter
= −1
4
F κνFκν +
µ
4
εκνλFκνAλ+ | DκΦ |2 −V (| Φ |2) + Lmatter. (1)
The first two terms (Led(µ)) describe what is known as CS electrodyna-
mics [3]. In the next two terms (LHiggs) a complex scalar field Φ with global
U(1) charge Ne is minimally coupled to this gauge theory. In our conventions
DκΦ ≡ (∂κ + iNeAκ)Φ. To proceed, we assume that the potential V (| Φ |2)
takes the form
V (| Φ |2) = λ
4
(| Φ |2 −v2)2, (2)
which spontaneously breaks the gauge symmetry U(1) → ZN , and leads to
a condensate of the charged Higgs field Φ. In this so-called Higgs phase the
length scale is set by 1/MH , with MH =
√
2λ |< Φ >|= √2λv the mass
2
of the Higgs boson. We have introduced additional charged matter fields
(Lmatter), in order to be able to discuss all conceivable charge sectors in the
Higgs phase. We do not further specify these matter fields. We only assume
that they are very massive, so that we can discuss the associated global U(1)
charges, denoted by q, as external. 1
Let us first recall that pure CS electrodynamics Led(µ) with µ 6= 0 is
known to possess only massive particles in the spectrum: one-component
massive photons [3] with mass µ. On the other hand, the photons of pure
Higgs electrodynamics Led(0) + LHiggs in the Higgs phase are also massive.
This time they are endowed with two components, and they carry the mass
MA = Ne
√
2 |< Φ >|= Ne√2v. These theories differ radically from massive
electrodynamics with explicitly broken gauge invariance
Lmed = −1
4
F κνFκν +
m2
2
AνAν . (3)
Despite having only massive particles, the former models allow for the long-
range AB interaction [1], which is absent for Lmed. One may think of the AB
interaction in pure CS electrodynamics Led(µ) with µ 6= 0, as being mediated
by certain ‘discrete’ degrees of freedom [5], which are close analogues of the
by now well known discrete states of the c = 1 string [6].
In the Higgs phase of the model Led(0) + LHiggs the AB interaction sur-
vives, because the field, which is acquiring mass due to the spontaneous
breakdown, is actually the gauge invariant combination
A˜κ ≡ Aκ + 1
Ne
∂κIm log < Φ >, (4)
rather than Aµ itself. Instead of (3), we find in the Higgs phase
− 1
4
F κνFκν+ | DκΦ |2−→ −1
4
F κνFκν +
M2A
2
A˜κA˜κ. (5)
Thus A˜ indeed has a finite (∼ 1/MA) correlation length. This does not
immediately imply that A should also fall off exponentially. It can instead
1We take the charges q to be integer multiples of e, i.e. the model (1) corresponds
to compact electrodynamics, for instance obtained from some non-abelian model after
spontaneous symmetry breaking. In the latter case the topological mass µ would be
quantized [3]. In the text we assume however, that µ can take any real value.
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remain pure gauge. Such AB fields, which are locally pure gauge, can be
globally nontrivial however. This is the case around topological defects of
the Higgs condensate of the characteristic size ∼ 1/MA, corresponding to
magnetic vortices [7] labelled by π1(U(1)) ≃ Z. These vortices carry a mag-
netic flux φ which is quantized by the requirement that the Higgs condensate
is single-valued outside the core of the vortex, thus 2
φ =
2π
Ne
× integer. (6)
It is well known that the purely quantummechanical AB interaction [1, 2]
leads to non trivial elastic scattering of charges q′, and vortices φ, i.e. it
gives rise to a diffraction like effect, which is of course observable. 3 The
crucial ingredient in the corresponding cross-sections is the phase exp iq′φ.
If there were no magnetic vortices (with their AB fields) in the Higgs phase,
electric charges q would be unobservable at large distances (of course they
can always be seen in scattering processes with high energies ≥ MA, i.e. at
short distances). But even at low energies any two states with U(1) charges
q1, and q2, such that q1 − q2 = Ne × integer are in fact indistinguishable,
because the fluxes which can be used to distinguish them are constrained by
Eq. (6). This observation gives rise to the low-energy classification of the
superselection sectors of this model by means of (q, φ), with
q = e× ( integer mod N), (7)
2 Vortices are in fact nothing but 2-dimensional monopoles, however we do not use the
word monopole in order to avoid confusion with the monopoles in 3 spatial dimensions.
The latter appear in fact as instantons in the 2+1 dimensional theory under consideration.
These instantons cause transitions with a change of the flux ∆φ = 2pi
e
, and in particular
render vortices with φ ≥ 2pi
e
unstable [11]. Thus instead of Eq. (6), it is jusitified to
consider a smaller set of fluxes: φ = 2pi
Ne
× integer mod N as suggested by the topological
characterisation of the fluxes. Even if there were no instantons, two fluxes φ1, and φ2 with
φ1 − φ2 = 2pie × integer would be indistinguishable by AB interactions with the charges q,
which are integer multiples of e. However, the energy of the fields inside the core of the
vortices φ1, and φ2 is different, and hence are their masses. This may lead to another type
of dynamical instability, namely the decay of a vortex with n units of flux into n vortices
with a single unit, as it appears in Type II superconductors.
3If the explicit gauge symmetry breaking term m
2
2 A
2 in (3) is introduced with 1/m≫
1/MA, then the AB field, which was pure gauge, and carried no energy for vanishing
m, will acquire a non-vanishing energy. This implies that vortices will be attracted to
each other , and therefore will be confined at distances ∼ 1/m, forming ‘meson’-, and
‘baryon’-like structures of a vortex anti-vortex pair or N vortices respectively.
4
φ =
2π
Ne
× ( integer mod N). (8)
Together with its less-trivial generalization to the patterns of symmetry-
breaking G → H with non-abelian discrete groups H [8], this classification
has been investigated in Refs. [2], and [9]-[11].
What remains to be discussed is why all the states (q, φ), as listed in Eqs.
(7), and (8) can indeed be distinguished by the AB interaction. Let us recall
that the generic AB field is a pure gauge Aµ = g
−1∂µg with g ∈ U(1). In
a non-simply-connected domain, one may have that
∮
Aµdx
µ 6= 0 along a
non-contractable loop, and in fact
∮
Aµdx
µ = φ if the contour goes around
a vortex once. The interaction of a point-like charge q′ (moving along the
worldline γ) with the electromagnetic field can be written as q′
∫
γ Aµdx
µ. In
the first-quantization formalism the phase factor arising when the charge is
carried around the vortex, therefore equals ǫ{φ, q′} = exp iq′φ. However, in
the Higgs phase the charge q′ is completely screened at distances ≫ 1/MA.
This means that it is surrounded by a ‘cloud’ with a total electric charge
exactly equal to −q′. This cloud serves to cancel the contribution of q′ to
the Coulomb field. From a physical point of view, this leads to a potential
embarassment. The problem being that the cloud will be also carried around
the vortex, and consequently it seems, that the factor ǫ{φ, q′} will be unob-
servable, because it should be multiplied by ǫinduced{φ,−q′} = ǫ{φ, q′}−1. By
this line of reasoning, we are led to conclude that for a physical (i.e. dressed)
charge, the AB effect would be absent in the Higgs phase.
Remarkably enough, the reasoning just given, turns out to be incorrect.
While the Coulomb interaction is exponentially damped by the Higgs mech-
anism, the AB interaction is not. In fact ǫinduced ≡ 1, and the reason for
this is that the (induced) screening charge density is not an ordinary electric
charge density, but rather the field −M2AA˜0. This is clear from Gauss’s law,
implied by Eqs. (1), (4), and (5)
∇·E(x) = qδ(x)−M2AA˜0(x) = qδ(x) + qinduced(x), (9)
with Ei ≡ F i0. The associated induced current is 4
jκinduced = −M2AA˜κ. (10)
4It is clear that whenever the modulus of the value of the Higgs condensate is varying,
as for example inside the core of a vortex, MA = (Ne)
2
√
2χ2 is also varying, and can in
fact become a function of the coordinates, see Eq. (14) below.
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In order for this current to interact with the AB field (produced by some
remote vortex), there should be a term in the Lagrangian of the form
−jκinducedAκ = M2AA˜κAκ. Instead we only encounter the term 12M2AA˜κA˜κ in
Eq. (5). In other words, qinduced couples to A˜ rather than to A, and thus does
not feel AB fields related to remote vortices, which have non-vanishing A-
component but strictly vanishing A˜ at large distances. Thus our conclusion is
that for a physical particle in the Higgs phase the AB interaction is sensitive
to the unscreened charge only, while ordinary interactions, like the Coulomb
one, are completely screened.5 The phase factor associated with the AB
interaction of two localized states (q, φ), and (q′, φ′) is therefore given by
ǫ{(q, φ), (q′, φ′)} ≡ ǫ{φ, q′}ǫ{φ′, q} = exp i(q′φ+ qφ′). (11)
Let us now turn to the situation where the CS term is present. The
masses of the electromagnetic fields are modified, and become [12]
M± =
√√√√
M2A +
1
2
µ2 ± µ
√
M2A +
1
2
µ2, (12)
where +, and − stand for two different components of the photon.6 The AB
field carries no energy, and is still present at large distances. Gauss’s law is
affected though, it now reads
∇·E(x) = qδ(x) + µB(x)−M2AA˜0(x). (13)
The new term, µB ≡ µF 12, implies that the magnetic field of a vortex gene-
rates an additional electric charge density µB(x), the total extra charge being∫
µBd2x = µφ. This extra charge is added to q, and will therefore be com-
pletely screened at distances≫ 1/M− by the screening charge, corresponding
to −M2AA˜0.
5 This is a special feature of charge screening in the Higgs mechanism. The Debye
screening mechanism, or the screening related to vacuum polarisation as described by the
renormalization group, screen both Coulomb -, and AB interactions. This is inferred from
the corresponding effective Lagrangians − 14FκνFκν − m
2
2 E
i 1
∆E
i, and − 14Fκν
e
2
0
e2(∆)F
κν
respectively.
6 IfMA = 0 one of the components becomes massless, but then it completely decouples.
CS electrodynamics without spontaneous breakdown of gauge symmetry possesses only a
one-component photon with mass µ.
6
The most significant effect of the CS term occurs in the phase factor
ǫ{(q, φ), (q′, φ′)}. In fact, we may think of every physical state (q, φ) as being
composed of three parts: the point-like global U(1) charge q, the vortex φ,
and the screening charge qinduced = −q − µφ (all concentrated in the domain
of radius ∼ 1/M−). In the AB field, produced by some remote vortex φ′,
(a) q is coupled to the total flux φ′,
(b) qinduced does not couple at all,
(c) and φ is coupled to µ
2
φ′.
This can be seen from the form of the Lagrangian density (1), rewritten in
terms of A˜
− 1
4
F κνFκν +
1
4
µεκνλFκνAλ +
+ (Ne)2χ2A˜λA˜λ − V (χ2) + (∂κχ)(∂κχ) + Lmatter, (14)
where we substituted Φ(x) = χ(x)eiσ(x) for the Higgs field, with real valued
σ(x) and gauge invariant χ(x) =| Φ(x) |, so A˜κ ≡ Aκ + 1Ne∂κσ. The fluc-
tuations of χ around < χ >= v describe neutral Higgs bosons with mass
MH . Now let us assume that we are in the Higgs phase, i.e. χ takes the
vacuum expectation value v everywhere. We first note that exp(iσ/N) is not
single-valued in the presence of a vortex, it is therefore not a well defined
gauge transformation. For this reason we cannot simply replace A by A˜ in
the matter term. This implies statement (a). The fact that A˜, rather than A,
appears in the interaction term with the Higgs sector, leads to the statement
(b) above. Finally, we observe that the coefficient in front of the CS term
differs by a factor of 2 in the Lagrangian (14), and in Gauss’s law (13). This
difference is the origin of the factor 1
2
in (c) (see for instance Refs. [4, 11]).
From (a)-(c) it follows that the total effect of the AB interaction of the
two states (q, φ), and (q′, φ′) when µ 6= 0 is the phase factor [11]
exp i{(q + µ
2
φ)φ′ + (q′ +
µ
2
φ′)φ} = exp i(qφ′ + q′φ+ µφφ′). (15)
This non-trivial factor arises in the amplitudes, although the total electric
charge Q of every localized state (q, φ), if measured by the Coulomb field at
distances ≥ 1/M−, vanishes
Q ≡ q + µφ+ qinduced = 0. (16)
7
In Ref. [11], Eq. (15) formed the starting point for the study of the
interchange -, and fusion properties of the states (q, φ) in the case where
µ ≡ pe2/4π with p ∈ Z. The underlying symmetry was shown to be the
Hopf algebra D(ZN). A non-vanishing value for µ was reflected by a defor-
mation of this algebra by a non-trivial 3-cocycle on the unbroken discrete
group ZN . The generalisation to non-abelian unbroken groups turns out to
be straightforward in this formalism
To conclude, we described a mechanism, which makes the fact that elec-
tric -, and magnetic fields are massive both in the Higgs phase, and in the
presence of a Chern-Simons term in 2+1 dimensions, consistent with the
observability of unscreened charges at large distances through long-range
Aharonov-Bohm interactions, which survive in both cases. This mechanism
allows for smoothly switching on the Chern-Simons term in the Higgs phase,
and also provides a solid basis for the discussion of the statistical properties
of the states presented in Refs. [10], and [11].
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